1. Introduction {#sec1}
===============

*Vernicia fordii* Hemsley is a deciduous woody plant in the Euphorbiaceae family, which is an important economic tree species in China and some countries of east and southeast Asia. The seeds of *V. fordii* are rich in oil (up to 50%--70%), thus becoming a commercial source of raw material to produce biodiesel ([@bib15]). Besides, the oil extracted from *V. fordii* has excellent characteristics of dried oil including insulation, acid and alkali resistance and anti-corrosion, it is widely utilized in many industrial applications ([@bib7]). Although the cultivation of *V. fordii* is promising because of a large market demand, lack of an efficient breeding technique limits the rapid expansion of *V. fordii* cultivation.

Being a typical cross-pollinated plant, *V. fordii* genotype is highly heterozygous, leading to great individual variation of oil yield and quality ([@bib14]). However, *V. fordii* cultivation is dependent mostly on seeds and grafts so far, which cannot reach a satisfactory propagation efficiency or guarantee uniform germplasm quality, because 1) the offspring of natural hybridization could not keep excellent traits of parents; 2) vegetative propagation via grafting is laborious and costly. In contrast, plant tissue culture is an efficient approach to keep advantageous trait of specific genotype ([@bib8]). Through the technology of tissue culture, a large number of clonal propagules with the same genetic background can be obtained in a short time. Besides, an efficient regeneration system via tissue culture should be an important part of the genetic transformation of *V. fordii* with the completion of *V. fordii* genome sequencing ([@bib13]).

To date, the methods of tissue culture of *V. fordii* have been established with leaf and hypocotyl as explants to induce callus formation and subsequent organogenesis ([@bib12]; [@bib8]), which are conducive to genetic transformation in tung tree. However, induction of callus elongates the culture period and might increase the risk of infection. By contrast, direct organogenesis from explants would be more efficient in rapid propagation of *V. fordii*. In this study, apical buds were used as the explants, and a stable regeneration system *in vitro* was established. The regeneration system includes induction, proliferation, rooting, domestication and transplanting process, providing an important approach for rapid propagation of *V. fordii*.

2. Materials and methods {#sec2}
========================

*V. fordii* seeds and shoots were collected from Kaizhou District, Chongqing, China (N30°49′, E107°55′) which is one of the natural distribution areas of *V. fordii*. The seeds were germinated in a greenhouse. The apical buds in the one-month-old seedlings and in the shoots collected from adult trees in the wild were used as explants. According to the studies on *Jatropha curcas* and cassava that also belong to the Euphorbiaceae family, we designed different sterilization treatments. Specifically, apical buds were rinsed with flowing water for 30 min, put in 75% ethanol for 30 S and washed by sterilized water for three times, followed by 10% NaClO or 0.1% HgCl~2~ soaking and sterilized water washing (five times) ([@bib4]; [@bib9]). Each treatment had 27 explants and was repeated three times. The contamination rate and survival rate were counted 2 weeks after inoculation. The contamination rate was calculated as No. of explants contaminated/total No. of explants, and the survival rate as No. explants survived divided by total No. of explants.

The basic medium used in this study was MS medium ([@bib10]) with 30 g/L sucrose and 6.5 g/L agar (pH 5.8). Previously it was reported that direct shoot organogenesis occurred when the medium containing 0.5 mg/L 6-BA and 0.1 mg/L IBA was used ([@bib3]), so we chose 6-BA and IBA to induce adventitious shoots. The concentrations of 6-BA were set as 1.0, 1.5 and 2.0 mg/L; the concentrations of IBA were set as 0.01, 0.02, 0.05, 0.10 and 0.20 mg/L. The induction rate and bud growth status were recorded 30 days after the inoculation of apical buds. The induction rate was calculated as No. of explants producing adventitious buds or shoots divided by total No. of explants in each treatment.

In the process of subculture, 6-BA and IBA were used according to the report on *J. curcas* ([@bib5]; [@bib1]), The adventitious shoots produced from apical buds were inoculated on MS medium containing 6-BA (0.5,1.0,1.5 mg/L) and IBA (0.01,0.1,0.2 mg/L) to proliferate. Each generation of proliferation took 30 days. Sixty days after the first inoculation to proliferate, proliferation rate for each treatment was counted as: total No. of buds produced divided by No. of buds inoculated. Each treatment had 15 buds and had three biological replicates.

To enhance root formation of shoots from subculture, 1/2MS medium and IBA (0,0.5,1.0,2.0 mg/L in concentration) were considered according to the report on *J. curcas* ([@bib11]). The shoots longer than one cm were inoculated on medium to root for 15 days, then rooting rate, root number and root length were counted. The rooting rate was calculated as No. of shoots producing roots divided by total No. of shoots inoculated. Each treatment had 15 shoots and were repeated three times.

The condition for adventitious shoot induction, subculture, rooting was: air temperature of 25 ± 2 °C, relative air humidity of 80%, and illumination of 3000 lx (16 h per day). Acclimatization of plantlets with 3--5 cm long roots was conducted: 1) the lids of culture flask were unscrewed and then removed with plantlets intact; 2) the media were washed out and the seedlings were transplanted into sterilized substrate (nutrient soil, vermiculite and perlite, 2:1:1) and covered by plastic membrane. After one week, the plastic membrane was removed.

3. Results {#sec3}
==========

3.1. Explant sterilization {#sec3.1}
--------------------------

From the results of contamination control and bud survival, it was found that for apical buds from seedlings 75% ethanol treatment for 30 s followed by 0.1% HgCl~2~ treatment for 10 min was the optimal among various disinfection treatments ([Figure 1](#fig1){ref-type="fig"}a), which produced the highest bud survival rate and simultaneously avoided the occurrence of contamination very well. Considering it is more difficult to do disinfection for apical buds from adult tree outdoor, the treating time of HgCl~2~ or NaClO was elongated. Results showed that the contamination rates of apical buds from adult tree were much higher those from seedlings ([Figure 1](#fig1){ref-type="fig"}b). Although 0.1% HgCl~2~ treatment for 14 min after 75% ethanol treatment for 30 S showed the best effect in contamination control, the survival rate was only 30.9%.Figure 1Effects of different sterilization treatments on survival rates and contamination rates of apical buds from seedlings (a) and adult trees in the wild (b). Note: after each kind of treatment (75% ethanol, 0.1% HgCl~2~ and 10% NaClO), explants were rinsed with sterile water for 5 times (30 S each time); Data presented in the figure are the mean ± standard error (SE) of three replicates; all data were collected two weeks after inoculation; different letters in the figure indicate there is a significant difference tested by the analysis of variance (ANOVA) with p \< 0.05.Figure 1

3.2. Primary culture: adventitious bud induction {#sec3.2}
------------------------------------------------

Firstly, the apical buds from seedlings were used as explants. It was found that the media containing 1.5 mg/L or 2.0 mg/L 6-BA led to higher induction rates than those on media containing 1.0 mg/L 6-BA ([Figure 2](#fig2){ref-type="fig"}a), indicating higher 6-BA concentration was superior for inducing adventitious buds or shoots. However, in the experimental process, we observed that glassiness/vitrification occurred when buds grew on media containing 2.0 mg/L 6-BA, which would impede subsequent subculture. Among all media containing 1.5 mg/L 6-BA, the media containing 0.05, 0.10 and 0.20 mg/L IBA had higher induction rates, but the No. of buds produced on these media were lower than that containing 0.01 mg/L IBA (average 91.3 buds each treatment). Meanwhile, explants on the medium containing 1.5 mg/L 6-BA and 0.01 mg/L IBA could form new buds rapidly without callus and the buds or shoots developed normally in terms of morphology. Therefore, in consideration of bud growth status, induction rate and No. of buds produced, the medium containing 1.5 mg/L 6-BA and 0.01 mg/L IBA was optimal for inducing adventitious buds from apical buds. When the apical buds from adult trees in the wild were used as explants, the results were similar ([Figure 2](#fig2){ref-type="fig"}b), the medium containing 1.5 mg/L 6-BA and 0.01 mg/L IBA had higher No. of buds and acceptable induction rates, as well as satisfactory growth status. This indicates that apical buds from seedlings and adult trees have consistent response to the condition of tissue culture.Figure 2Effects of IBA and 6-BA on adventitious bud induction of apical buds from seedlings (a) and adult trees in the wild (b). Data presented in the figure are the mean ± SE of three replicates; all data were collected 30 days after inoculation; different letters indicate that there is a significant difference tested by ANOVA with p \< 0.05.Figure 2

3.3. Proliferation by subculture {#sec3.3}
--------------------------------

As there was no difference of adventitious bud induction between the buds of seedlings and those of adult trees, we only used the adventitious buds produced by the former to proliferate by subculture ([Figure 3](#fig3){ref-type="fig"}). It was found that the buds or shoots inoculated on the medium containing 1.5 mg/L 6-BA and 0.01 mg/L IBA had the highest proliferation rate (3.85), but glassiness/vitrification occurred in some leaves. Among the other media, the one containing 1.0 mg/L 6-BA and 0.01 mg/L IBA produced a relatively high proliferation rate (3.18) and the explants on it grew well. Based on both proliferation rate and explant growth status, the medium containing 1.0 mg/L 6-BA and 0.01 mg/L IBA was selected.Figure 3Effects of 6-BA and IBA concentrations on shoot propagation during subculture. Data presented in the figure are the mean ± SE of three replicates; All data were collected 60 days after inoculation; different letters indicate that there is a significant difference tested by ANOVA with p \< 0.05.Figure 3

3.4. Rooting of adventitious buds/shoots {#sec3.4}
----------------------------------------

Rooting is important for plant regeneration, which also needs an optimal medium. The results demonstrated that only buds/shoots on the MS medium containing 0.5 mg/L IBA produced roots ([Figure 4](#fig4){ref-type="fig"}a), by contrast, 1/2 MS media containing 0.5 mg/L IBA performed better in terms of rooting rate and root number, indicating that 1/2 MS medium was more effective than MS medium for rooting ([Figure 4](#fig4){ref-type="fig"}a, b, c). Therefore, 1/2 MS medium containing 0.5 mg/L IBA was selected for rooting. In fact, it led to strong roots, and the survival rate of plantlets after transplanting was 96.4%.Figure 4Effects of media and IBA concentrations on rooting of *V. fordii* adventitious buds/shoots. Data presented in the figure are the mean ± SE of three replicates; all data were collected 15 days after inoculation; different letters indicate that there is a significant difference tested by ANOVA with p \< 0.05.Figure 4

4. Discussion and conclusion {#sec4}
============================

A suitable surface sterilization method is the basis of plant tissue culture. It has been proven that the effect of sterilization depends on plant species, organ type and sterilization approach ([@bib2]). In this study, 0.1% HgCl~2~ showed better disinfection effect than 10% NaClO. Certainly, HgCl~2~ treatment over time led to the decrease of survival rate, as HgCl~2~ is toxic for plants. Compared with buds from seedlings, the buds from adult trees had significantly higher contamination rates, though the treating time of HgCl~2~ or NaClO was elongated. Therefore, seeking for more effective sterilization methods is important when adopting apical buds of adult trees in the wild as explants.

In the process of adventitious bud induction, we observed that the media containing 2.0 mg/L 6-BA resulted in a higher induction rate, but glassiness/vitrification simultaneously occurred. Early in 1988, researchers already found that cytokinin was an inducer of vitrification in plant tissue culture ([@bib6]), so in this study 1.5 mg/L was seen as the optimal 6-BA concentration. Similarly, the highest 6-BA concentration led to the highest proliferation rate, but they also brought about the problem of vitrification. All these confirm that during plant tissue culture, the positive processes should be enhanced while the negative process avoided or inhibited. Although it has been mentioned that the contamination rate for buds collected from adult trees in the wild was much higher, the results demonstrated that either buds from adult tree or from seedling had similar ability to produce adventitious buds/shoots. This indicates that the system we established is suitable for various apical buds. Besides, in this study we set the concentrations of plant growth regulators in media based on the reports of *J. curcas*. The results demonstrated that they were effective in some degree, indicating that plants in the same family or genus probably have similar response to the environment of tissue culture.

In summary, the effective plant regeneration of *V. fordii* from apical buds could be achieved by three steps: 1) adventitious shoot induction with the MS medium containing 1.5 mg/L 6-BA and 0.01 mg/L IBA (30 d, induction rate of 65.1%); 2) subculture to proliferate with the MS medium containing 1.0 mg/L 6-BA and 0.01 mg/L IBA (60 d, proliferation rate of 3.14); 3) rooting process with 1/2 MS medium containing 0.5 mg/L IBA (15d). The growth status of *V. fordii* material in the whole process of regeneration is depicted in [Figure 5](#fig5){ref-type="fig"}.Figure 5The growth status of *V. fordii* material in the whole process of regeneration. a, the primary culture of apical buds; b-c, the subculture of adventitious buds; d-e, the rooting of adventitious buds or shoots; f, the seedlings two months after transplanting.Figure 5
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